Prenatal morphine exposure induces neurobiological changes, including deficits in learning and memory, in juvenile rat offspring. However the effects of this exposure on hippocampal plasticity, which is critical for learning and memory processes, are not well understood. The present study investigates the alterations of spatial memory and in vivo hippocampal synaptic plasticity in juvenile rats prenatally exposed to morphine. On gestation days 11-18, pregnant rats were randomly chosen to be injected twice daily with morphine or saline. Each juvenile offspring (postnatal day 22-31) performed one two-trial Y-maze task to evaluate spatial memory. Afterwards, the in vivo field excitatory postsynaptic potential (fEPSP) and population spike (PS) were recorded in the perforant path dentate gyrus (DG) pathway in the hippocampus. Prenatal morphine exposure reduced depotentiation (DP), but not longterm potentiation (LTP), of the EPSP slope. However, both LTP and DP of the EPSP slope were depressed in prenatal morphine-exposed juvenile offspring. The morphine group also showed poorer performance for the Y-maze task than the control group. Depressed PS LTP, but not EPSP LTP, in the morphine group suggested that prenatal morphine exposure changed GABAergic inhibition, which mediates EPSP-spike potentiation. Then a loss of GABA-containing neurons in the DG area of the morphine group was observed using immunohistochemistry. Taken together, our results suggest that prenatal morphine exposure impairs the juvenile offspring's dentate synaptic plasticity and spatial memory, and that decreased GABAergic inhibition may play a role in these effects. These findings might contribute to an explanation for the cognitive deficits in children whose mothers abuse opiates during pregnancy. V V C 2008 WileyLiss, Inc.
INTRODUCTION
The number of opiate users has risen to around 16 million people or 0.4% of the world's population in the age range of 15-64 (UNODC, 2006) . Cognitive problems of the children whose mothers abuse opiates during pregnancy are now of major concern. Opiates, such as morphine, can cross the placenta to affect the development of the central nervous system and thereby result in neurobiological changes in juvenile offspring. These changes include alterations in play and social behavior (Hol et al., 1996; Niesink et al., 1996 Niesink et al., , 1999 , sensitivity in morphine-induced analgesia (O'Callaghan and Holtzman, 1976; Kirby et al., 1982; Chiou et al., 2003) , seizure susceptibility (Vathy et al., 1998; Veliskova et al., 1999) , spinal cord volume (Kirby, 1983) , opioid mu receptors (Bhat et al., 2006a) , and brain cyclin-dependent kinase 5 activity (Bhat et al., 2006b) .
Prenatal morphine exposure also impairs learning and memory in juvenile rats (Yang et al., 2003 (Yang et al., , 2006 . Synaptic plasticity in the hippocampus is critical for learning and memory processes (Morris et al., 1986; Morris, 1989; Silva et al., 1992) . However, the effects of this exposure on hippocampal plasticity in juvenile rats are not well understood. Yang et al. (2003) reported that prenatal morphine exposure attenuated long-term depression (LTD) and depotentiation (DP), but not LTP, of excitatory postsynaptic currents (EPSCs) in the CA1 area of hippocampal slice of juvenile rats. However, in the hippocampal CA1 area of adult rats, prenatal morphine exposure depressed long-term potentiation (LTP) of the excitatory postsynaptic potential (EPSP) in vitro (Velisek et al., 2000) . The discrepancy may be due to the difference in the age of offspring. In the adult hippocampal dentate gyrus (DG) area, prenatal morphine exposure reduced LTP in anesthetized rats (Sarkaki et al., 2008) , or late-LTP (>24 h) in freely moving rats (Villarreal et al., 2008) . However, few studies have been carried out in the DG area of juvenile rats.
The characteristic response of DG granule cells to perforant path stimulation consists of a positive-going EPSP with a superimposed negative-going field PS (Lomo, 1971a,b) . In the present study, we investigated LTP and DP of both EPSP slope and PS amplitude in vivo in the DG area of prenatally salineand morphine-exposed juvenile rat offspring. We also evaluated spatial memory in these offspring using a two-trial Y-maze test (Dellu et al., 1997) , since the DG area of the hippocampus has been associated with spatial memory (Colicos and Dash, 1996; Nilsson et al., 1999; Rubin et al., 1999) . Finally we determined whether GABA-containing neurons in the DG area, which largely control the EPSP/spike relationship (Tomasulo et al., 1991; Marder and Buonomano, 2004) and the functions of dentate granule cells (Coulter and Carlson, 2007) , would be alternated by prenatal morphine exposure. These studies suggest that prenatal morphine exposure decreased in vivo synaptic plasticity and the number of GABA-containing neurons in the DG area of juvenile rat offspring with deficient spatial memory.
MATERIALS AND METHODS

Prenatal Treatment
Adult female and male Sprague-Dawley rats were obtained from Anhui Experimental Animal Center and maintained on a 12 h light/dark cycle (9:00-21:00 h) with free access to food and water. All animal treatments were strictly in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The estrous cycle phases of female rats were determined according to the cell types observed in the vaginal smear for 10 days (Marcondes et al., 2002) . The female rats with normal estrous cycles were mated at night during their proestrus or estrus phase. The presence of vaginal plug or sperm cells in vaginal smear the next morning and a high rate of body weight gain in the next 10 days were used as the indices for pregnancy. Pregnant rats were randomly injected with morphine (morphine sulfate, 10 mg/ml, obtained from the Anhui Food & Drug Administration, China) or saline twice daily at 09:00 and 21:00 h on gestation days 11-18. The dose of the first three morphine injections was 5 mg/kg and the dose for all subsequent injections was 10 mg/kg (Vathy et al., 1985) . All injections were administered subcutaneously (s.c.).
Postnatal Treatment
The day of birth was designated postnatal day (PND) 0. On PND1, pups were sexed and weighed. The injection paradigm did not alter the number of pups per litter and the body weight of the offspring as described in previous studies (Vathy et al., 1985; Velisek et al., 2000; Riley and Vathy, 2006) . On PND 21, pups were weaned and housed in groups with free access to food and water. Experiments were performed in prenatally saline-(control group) and morphine-exposed (morphine group) juvenile offspring (PND 22-31).
Stimulation and Recording
In each recording session, rats were anesthetized with urethane (20%, 1.2 g/kg, i.p.) and were then mounted in a stereotaxic apparatus. The skull was exposed and the rectal temperature was monitored and maintained at 378C 6 0.58C by a homeothermic blanket. A concentric bipolar electrode (FHC, Bowdoinham, ME) was placed in the perforant path (coordinates with the skull surface flat: 7.0-8.0 mm posterior to bregma, 4.2 mm lateral to the midline, 2.8 mm ventral). A glass micropipette recording electrode (tip size 3 lm, with an impedance of 2-3 MX while filled with saline) was lowered into the DG (coordinates: 3.5 mm posterior to bregma, 2.0 mm lateral to the midline) until the maximal response to perforant path stimulus was observed (3.0-3.4 mm ventral).
Extracellular evoked responses were obtained from the dentate granule cell population in response to electrical stimulation of the perforant path. The electrical stimulus was driven by computer-controlled ITC-18 data acquisition interface (Instrutech Corp., NY), and an isolator unit (WPI, Sarasota, FL) was used to minimize the artifact. The duration of biphasic pulse was 100 ls. The intensity of the test stimuli was adjusted to evoke about 50% of the maximum response of population spike (PS) amplitude.
Input/Output Function
I/O curves were generated by systematic variation of the stimulus current (0.1-1.0 mA) to evaluate synaptic potency. Stimulus pulses were delivered at 0.1 Hz and three responses at each current level were averaged.
Paired-Pulse Response
Pairs of identical stimuli were delivered to the perforant path with interpulse intervals (IPIs) ranging from 25 to 300 ms. The size of the second EPSP slope or PS amplitude was then expressed as a percentage of the first. A value less than 100% indicated paired-pulse depression, whereas a value greater than 100% indicated paired-pulse facilitation. An averaged value was calculated from three successive responses with 20 s between each stimulus pair.
Long-Term Potentiation and Depotentiation
In this study, LTP and DP were performed on each rat. LTP was induced after stable baseline recording for at least 30 min by delivery of high-frequency stimulation (HFS; 11 trains of 10 pulses at 250 Hz separated by 1 s). Test pulses were applied for 60 min to measure LTP. After another 80 min for break, following 10 min baseline recording, DP was induced by lowfrequency stimulation (LFS; 900 pulses at 1 Hz for 15 min). The test pulses were delivered at 0.05 Hz throughout the experiment. The protocol is illustrated in Figure 3 . At the end of each recording session, small electrolytic lesions (1 mA, 10 s) were made to permit histological verification of the tip position of the electrodes.
Y-Maze Test
In the present study, the rats were evaluated for spatial memory in one wooden Y-maze before electrophysiological experiment. The maze was lacquered black, and consisted of three arms with an angle of 1208 between each two arms. Each arm was 16 cm 3 50 cm 3 30 cm (width 3 length 3 height). The three identical arms were randomly designated: Start arm, in which the rats started to explore (always open), Novel arm, which was blocked at the first trial, but open at the second trial, and Other arm (always open).
The maze was placed in a sound-attenuated room under dim illumination (5 lux on the floor of maze). The floor of the maze was covered with sawdust, which was mixed after each individual trial to eliminate olfactory stimuli. Visual cues were placed on the walls of the maze. The movements of the rats were recorded by a camera over the maze. The video was stored in a computer and later analyzed by a person who was blind to the animal groups.
The Y-maze test consisted of two trials separated by an intertrial interval (ITI) to assess spatial recognition memory. The first trial (training) lasted for 10 min and allowed the rat to explore only two arms (Start arm and Other arm) of the maze, with the third arm (Novel arm) being blocked. After a 2 h ITI, the second trial (retention) was conducted. The rat was placed back in the maze in the same starting arm, with free access to all three arms for 2 min. The first arm visited, the number and duration of explorations of each arm were recorded during the second trial (Dellu et al., 1997) .
Immunohistochemistry
Rat offspring (PND 26) were deeply anesthetized with urethane and perfused transcardially with chilled physiological saline till the liver became pale, immediately followed by 0.1 M phosphate buffer (PB) containing 4% (w/v) paraformaldehyde and 1.25% (w/v) glutaraldehyde. Brains were removed and stored in the same paraformaldehyde solution overnight, and then the samples were washed with water, dehydrated in ethanol, transparentized with xylene, and embedded in paraffin. Coronal sections of 6 lm thickness were cut and mounted for immunohistochemical staining on gelatin-coated microscope slides. The hippocampal sections were washed with 0.01 M PBS phosphate-buffered saline (PBS), deparaffinized in xylene, hydrated through a graded series of ethanol, and washed for 10 min in distilled water. After washing with PBS, the sections were incubated in PBS containing 0.3% H 2 O 2 and 1% Triton X-100 for 30 min at room temperature to quench endogenous peroxidase activity. Then the sections were washed with PBS, incubated in 5% goat serum, and then in mouse anti-GABA serum (378C for 60 min, 1:200 dilution; A0310, Sigma, St. Louis, MO). After incubation at 48C overnight, sections were washed with PBS, incubated in biotinylated goat antimouse IgG antibody (at 378C for 60 min, 1:1,000 dilution; B0529, Sigma, St. Louis, MO), washed with PBS, incubated in the avidin-biotin complex (at 378C for 60 min, 1:200 dilution; PK-6100, Vector Laboratories, Burlingame, CA) in PBS After washes with PBS, the sections were visualized by adding 0.03% H 2 O 2 to a solution containing 0.05% 3,3 0 -diaminobenzidine tetrahydrochloride (DAB; D5637, Sigma, St. Louis, MO), dehydrated in ethanol, cleared in xylene, and mounted in Entellan.
Data Analysis
The EPSP slope was calculated from EPSP onset 0.5 ms to the beginning of the negative component of PS. The PS amplitude was measured by averaging the distance from the negative peak to leading and following positive peak (Burdette and Gilbert, 1995) . The responses in every 5 min were averaged and were normalized to pretetanus baseline values. The amplitudes of LTP were calculated by using the percentage of the means for the 60 min post-HFS compared with pretetanus baseline data, the amplitudes of late-LTP were calculated by using the percentage of the 10-min pre-LFS data compared with pretetanus baseline data, and the amplitudes of DP were calculated by using the percentage of the means for 10 to 45 min post-LFS compared with the 10-min pre-LFS baseline data. In Y-maze test, the duration of arm visits in the second trial was as a spatial recognition memory measure. For immunohistochemistry analysis, the number of dentate GABA-containing neurons for each animal was evaluated in at least five sections obtained every 10th section. Since GABA-containing neurons mostly exist within or directly beneath granule cell layer (Robert and Sloviter, 1987) , the neurons in granule cell layer and subgranular zone were counted.
The differences between groups were tested by repeated measures ANOVA. The sex-special effects were tested by twoway ANOVA (Group 3 Gender). When the duration of visits in the different arms were compared, arm (start, other, novel) was considered a within-group factor followed by post hoc (LSD) test. After analysis of ANOVA, some data were analyzed by Student's t-test for paired comparisons. Percentages of first choices in the novel arm were compared to chance (50%) using the v 2 test. Statistical significance was set at the probability level of P < 0.05.
RESULTS
Electrophysiological and behavioral experiments were performed in prenatally saline-(seven males and seven females) and morphine-exposed juvenile rats (seven males and six females) at age of PND 22-31. The average age was PND 27.1 6 0.9 in the control group and PND 26.3 6 0.9 in the morphine group (t (25) 5 0.630, P 5 0.534). Immunohistochemical experiments were performed in prenatally saline-(three males and three females) and morphine-exposed juvenile rats (three males and three females) at age PND 26. In these experiments, neither main effect of gender nor the gender 3 group interaction was significant (all n.s.).
I/O Functions and Paired-Pulse Response
Prenatal morphine exposure did not affect the I/O curves in the DG area (all n.s.) measured by the EPSP slope (Fig. 1A) , the PS amplitude (Fig. 1B) , and the EPSP-PS plot (Fig. 1C) . Paired-pulse response was shown in Figure 2 . No significant difference was observed between the control (n 5 14) and morphine groups (n 5 13) in the paired-pulse response of the EPSP slope (Fig. 2B, all n.s.) . Meanwhile, the paired-pulse response of the PS amplitude (Fig. 2C ) has slight differences at long IPIs (200 ms, t (25) 5 2.155, P < 0.05; 300 ms, t (25) 5 2.292, P < 0.05).
These results suggested that prenatal morphine exposure does not affect the basal synaptic transmission of dentate granule cells in juvenile rats.
Long-Term Potentiation and Depotentiation
The amplitudes of LTP and DP in the DG area of juvenile offspring were shown in Figure 3 . Prenatal morphine exposure had no effects on LTP of the EPSP slope (Fig. 3B) . The LTP amplitude of the EPSP slope was 123% 6 4% in the control group (n 5 14) and 127% 6 6% in the morphine group (n 5 13, F (1, 25) 5 0.352, P 5 0.559) at 60 min after HFS. After a break of 80 min, the late-LTP amplitudes of the EPSP slope in two groups were similar (the control group, 118% 6 8%, n 5 14; the morphine group, 114% 6 6%, n 5 12, F (1, 24) 5 0.110, P 5 0.743). However, prenatal morphine exposure affected LTP of PS amplitude (Fig. 3C) . The LTP amplitude of PS (at 60 min after HFS) decreased from 199% 6 19% (n 5 14) in the control group to 144% 6 13% in the morphine group (n 5 13, F (1, 25) 5 4.798, P < 0.05). The late-LTP amplitude of PS (at 140 min after HFS) was still significantly different between the control (198% 6 23%, n 5 13) and morphine groups (137% 6 14%, n 5 12, F (1, 24) 5 4.698, P < 0.05). DP amplitudes of both the EPSP slope (Fig. 3B) and PS (Fig. 3C) were significantly depressed in the morphine group (EPSP slope, F (1, 24) 5 4.312, P < 0.05; PS amplitude, F (1, 24) 5 6.005, P < 0.05) after LFS (900 pulses at 1 Hz). The corresponding means were 86% 6 4% (EPSP slope) and 80% 6 4% (PS amplitude) in the control group (n 5 14) and 96% 6 2% (EPSP slope) and 91% 6 2% (PS amplitude) in the morphine group (n 5 12).
Y-Maze Test
The ability of spatial memory, which is associated with the hippocampal DG area function, was tested by the Y-maze task just before electrophysiological experiment in each rat. The percentage of first visits in the novel arm in the control group was above chance (50%) since 12 of 14 rats made their first choice in the novel arm (85.71%; v 2 5 7.14, P < 0.01). The morphine group, however, made their first choice in a random way as only 8 of 13 rats chose the novel arm (61.54%; v 2 5 0.692, P 5 0.405). As shown in Figure 4 , the duration of visits in the novel arm was significantly increased compared with the start and other arms after 2 h ITI in the control group (effect I/O curves (mean 6 SEM) of the EPSP slope (A) and PS amplitude (B) in the DG area in juvenile offspring (control group, n 5 14, and morphine group, n 5 13) as a function of stimulus intensity before induction of LTP. Panel C shows the PS amplitude as a function of the EPSP slope, and the solid and dim lines are regression lines fitting the data in the control (n 5 14, r 2 5 0.7313, P < 0.001) and the morphine (n 5 13, r 2 5 0.7814, P < 0.001) groups, respectively. Paired-pulse response in the DG area of juvenile offspring at varying interpulse intervals of 25-300 ms. A: Representative first and second waveforms in 80-ms IPIs. Each case was from a single experiment and averaged three times. B, C: Pairedpulse response (mean 6 SEM) of the EPSP slope (B) and the PS amplitude (C).The dashed line represents a ratio of one (EPSP2/ EPSP1 5 1 or PS2/PS1 5 1), where no inhibition or facilitation of the second response relative to the first response would occur. Asterisks indicate significant difference (P < 0.05) between prenatally saline-(n 5 14) and morphine-exposed rats (n 5 13). LTP and DP in the DG area of juvenile offspring. A: Representative waveforms before and after LTP/DP inductions in control and morphine groups. The waveforms in each case are from a single experiment. B, C: Effects of prenatal morphine exposure on LTP/DP (mean 6 SEM) of the EPSP slope (B) and PS amplitude (C) in juvenile offspring. At 60 min post-HFS, the LTP amplitude of the EPSP slope was 123% 6 4% in the control (n 5 14) and 127% 6 6% in the morphine groups (n 5 13) with no significant difference (F (1, 25) 5 0.352, P 5 0.559), while the LTP amplitude of the PS was 199% 6 19% in the control group and was significantly depressed to 144% 6 13% in the morphine group (F (1, 25) 5 4.798, P < 0.05). After a break of 80 min, there also was a significant difference in the late-LTP amplitude of PS (averaged 10 min) between the control (198% 6 23%, n 5 14) and morphine groups (137% 6 14%, n 5 12, F (1, 24) 5 4.698, P < 0.05), but not in the late-LTP amplitude of the EPSP slope (control group, 118% 6 8%, n 5 14; morphine group, 114% 6 6%, n 5 12, F (1, 24) 5 0.110, P 5 0.743). After LFS, the DP amplitude was 86% 6 4% (EPSP slope) and 80% 6 4% (PS amplitude) in the control group (n 5 14), and was significantly different with 96% 6 2% (EPSP slope: F (1, 24) 5 4.312, P < 0.05) and 91% 6 2% (PS amplitude: F (1, 24) 5 6.005, P < 0.05) in the morphine group (n 5 12), respectively. Each point represents the mean averaged in over 5 min. Arrows indicate the application of HFS, and horizontal solid lines indicate the application of LFS.
of arm: F (2, 39) 5 15.114, P < 0.001; LSD: novel arm vs. start arm: P < 0.001, novel arm vs. other arm: P < 0.001, star arm vs. other arm: P 5 0.636). However, no arm difference of duration of visits was found in the morphine group (effect of arm: F (2, 36) 5 0.038, P 5 0.968). The average percentage of duration of visits in the novel arm was 60% in the saline group and decreased to 37% in the morphine group.
GABA-Containing Neurons
To determine whether the GABAergic inhibition, an important system to the EPSP/spike relationship and learning and memory, was altered by prenatal morphine exposure, GABAcontaining neurons in the DG area were counted by immunohistochemistry with DAB staining. As illustrated in Figure 5 , prenatal morphine exposure significantly decreased the number of GABA-containing neurons in the DG area (the control group, 22.4 6 0.8, n 5 6, Fig. 5A ; the morphine group, 11.5 6 0.8, n 5 6, Fig. 5B ; F (1, 10) 5 94.931, P < 0.001, Fig. 5C ).
DISCUSSION
In this study, we observed that prenatal morphine exposure depressed DP, but not LTP of the EPSP slope in vivo in hippocampal DG area of juvenile rats, which is consistent with previous work in vitro in CA1 area of 2 week old rats prenatally exposed to morphine (Yang et al., 2003) . Interestingly, this exposure had different effects on PS amplitude. Both LTP and DP of the PS amplitude in the DG area were reduced. This exposure also impaired spatial memory and decreased the number of GABA-containing neurons in the DG area.
LTP in the hippocampus is composed of two independent components-a synaptic component and an EPSP-to-spike coupling component (Taube and Schwartzkroin, 1988) . The Effects of prenatal morphine exposure on total duration (mean 6 SEM) of Y-maze visits after 2 h ITI in juvenile rats (control group, n 5 14; and morphine group, n 5 13). The mean total duration for control rats to explore the novel arm was significantly higher than for the start or other arms. The percentage duration of visits in the novel arm with respect to the total duration of visits in the three arms are indicated in parentheses (chance level is 33%). Difference in performance of rat in the novel arm versus the start and other arms is indicated as *** (P < 0.001). DAB staining for GABA-containing neurons in the hippocampal DG area of the control (A) and morphine groups (B) at PND 26; 3100, scale bar 5 200 lm. Arrows indicate example of labeled cells. Panel C shows the numbers of GABA-containing neurons (mean 6 SEM) in the control (n 5 6) and morphine groups (n 5 6). Significant difference (P < 0.001) from the control group is indicated as ***.
latter is also called EPSP-spike potentiation, which enhances the ability of an EPSP of a fixed slope to elicit spikes after HFS-induced LTP. In our study, PS LTP was depressed whereas EPSP LTP was not in the morphine group, suggesting that prenatal morphine exposure impaired EPSP-spike potentiation. EPSP-spike potentiation depends on the balance and timing of GABA A ergic inhibition (Marder and Buonomano, 2004) . GABA A R antagonists such as picrotoxin or bicuculline could block the EPSP-spike potentiation (Abraham et al., 1987; Lu et al., 2000) . In addition, previous results showed that prenatal exposure to morphine decreased susceptibility to GABA A -regulated seizures in juvenile and adult male rats (Schindler et al., 2000 . Therefore, the depression of LTP in the PS but not in the EPSP may be due to changes of GABA A ergic inhibition. This hypothesis was partly supported by our immunohistochemical result, that a loss of GABA-containing neurons in the DG area was observed in juvenile offspring prenatally exposed to morphine.
No alterations of EPSP LTP measured over 1 h were observed in juvenile rats prenatally exposed to morphine. This result agrees with a previous study in adult freely moving rats (Villarreal et al., 2008) . However, Sarkaki et al. reported that prenatal morphine exposure decreased EPSP LTP in the DG area of adult anesthetized rats (Sarkaki et al., 2008) . The apparent discrepancy could be due to differences in morphine dose and exposure schedules, since we used the same injection paradigm as that of Villareal et al. (2008) . DP in the DG area was obtained induced by 1 Hz LFS after 150 min post-HFS in the present study. We also observed DP in the DG area with 1 Hz LFS being applied after 15 min post-HFS (data not shown here). These observations are in line with previous studies demonstrating DP could be found in the DG area of anesthetized rats following 1 Hz LFS after 55, 60, or 130 min post-HFS was applied (Kimura and Pavlides, 2000; She et al., 2005; Zhu et al., 2005; Wang et al., 2007) . However, DP in the DG area could not be induced by 2 or 5 Hz LFS after 30 min post-HFS in anesthetized rats (Errington et al., 1995) . On the other hand, DP in the DG area of freely moving rats could be induced by 3-7 Hz LFS within 5 min post-HFS (Abraham et al., 1996; Kulla et al., 1999; Kulla and Manahan-Vaughan, 2000 Manahan-Vaughan and Kulla, 2003; Straube and Frey, 2003; Klausnitzer et al., 2004) , but not by 1 Hz post-HFS after 1, 15, 30, or 60 min post-HFS (Errington et al., 1995; Abraham et al., 1996) . These results suggest that the time window of DP induction in the DG area may depend on the LFS frequency and level of wakefulness versus anesthesia.
Spatial memory deficits were found in prenatally morphineexposed juvenile rats in the Y-maze task. This result is consistent with previous work on memory deficits induced by prenatal morphine exposure in chicks (Che et al., 2005) . Yang et al. (2003) have suggested that prenatal morphine exposure impaired the spatial learning and memory of juvenile rats (PND 28-31) in a Morris water maze task. However, the impairment occurred only in the first training day, and the morphine-treated and control groups displayed similar improvements over the 4 days of training. Thus this finding did not fully demonstrate the effects on spatial memory. The Y-maze task is based on the innate tendency of rats to explore novelty and does not require learning of a rule, so it is a specific and sensitive test of spatial recognition memory in rodents (Dellu et al., 1997 (Dellu et al., , 2000 . Thus our result, along with the work by Yang et al. (2003) , indicates that spatial memory in juvenile rats is impaired by prenatal morphine exposure. This behavioral result could support our electrophysiological findings, since LTP of PS in the DG area has been reported to be associated with spatial memory (Mori et al., 2001; Huang et al., 2006) .
Sex-specific changes reported in adult rats induced by prenatal morphine exposure include alterations in NE and opioid systems (Vathy and Katay, 1992; Vathy et al., 1994) , endogenous opioid systems (Slamberova et al., 2004) , and l-opioid receptor density in hippocampus and motivation systems , and learning and memory . Schindler et al. (2000) also reported that prenatal morphine exposure altered the susceptibility to bicuculline seizures in juvenile and adult rats in a sexand age-specific manner. However, using the same injection paradigm, we did not observe a sex-specific effect on impairment of synaptic plasticity in the hippocampal DG area in juvenile rats prenatally exposed to morphine. A similar result was reported in adult rat offspring, that LTP in the DG area of male and female offspring were not differently affected by prenatal morphine exposure (Sarkaki et al., 2008) . Thus it appears that the impairments of synaptic plasticity in the DG area induced by prenatal morphine exposure were not sex-specific.
This report suggests that prenatal morphine exposure impairs hippocampal synaptic plasticity and spatial memory in juvenile offspring, and that decreased GABAergic inhibition may play a role in these effects. Although the connection between psychological and behavioral results in rodents and cognition in humans is not straightforward, our data may contribute to the understanding cognitive deficits in children whose mothers abuse opiates during pregnancy (Zuckerman and Bresnahan, 1991; van Baar et al., 1994) . Further longitudinal research is necessary to discover how the GABAergic inhibition system contributes to the psychological and behavioral changes induced by prenatal morphine exposure.
